Natural killer T (NKT) cells were originally identified as T cells that express cell surface markers (e.g., NK1.1) previously thought to be found exclusively on NK cells (6) . NKT cells can also be identified by their predominant use of the T-cell receptor ␣ (TCR␣) chain rearrangement, V␣14J␣281, which is associated with V␤ chains of limited diversity and are mostly CD4 ϩ or CD4 Ϫ CD8 Ϫ . Very few CD8 ϩ NKT cells have been found, and it has been reported that CD8 expression causes the negative selection of these cells in the thymus (4) . The equivalent NKT-cell population in humans uses the homologous TCR␣ rearrangement (V␣24J␣Q) and are mostly CD4 Ϫ
CD8
Ϫ (50) . We have reported that murine NKT cells recognize the nonpolymorphic major histocompatibility complex (MHC) class I-like molecule CD1d1 (5) . Although CD1d1 molecules are expressed mainly on hematopoietic tissues, they are also found in the liver (6, 50) -an organ in which NKT cells are the major T-lymphocyte subpopulation. Murine and human NKT cells, upon interaction with the appropriate CD1d-expressing targets or upon stimulation with anti-CD3, promptly produce both interleukin 4 (IL-4) and gamma interferon (IFN-␥) (6, 50) . Therefore, NKT-cell production of cytokines important for either Th1-or Th2-mediated responses has suggested that these cells play a role in immunoregulation. In support of this, it has been shown that in scleroderma and diabetes, a lack of (or reduction in) NKT-cell number and/or function contributes to the development of these diseases (23, 29, 37, 59, 65) . It has been suggested that this prompt production of IL-4 by NKT cells plays an important role in the induction of Th2-mediated responses (37, 67) , although in some systems, it appears that this is not the case (10, 15, 56) . An important role for IFN-␥ production by NKT cells has been found in the immune response to Nippostrongylus brasiliensis (15) , Toxoplasma gondii (16) , and Plasmodium yoelii (24) .
It has been previously shown that infection of mice with Listeria monocytogenes (20) or Plasmodium yoelii (49) caused rapid decrease and increase, respectively, in liver NKT cells. Only two reports have implicated NKT cells in the immune response to viruses. The first showed evidence that CD4 ϩ NKT cells may play a role in the clearance of adenovirus from the liver of mice (66) . In the second, treatment of mice transgenic for the human hepatitis B virus (HBV) with the synthetic glycolipid ␣-galactosylceramide (␣-GalCer) resulted in the inhibition of HBV replication in the liver (31) . Because the liver is a major player in the host's acute-phase response to pathogens (22) , we were interested in analyzing the effect of virus infection on the NKT cells themselves in the liver and other organs. In the present study, we acutely infected mice with the prototypic arenavirus and natural mouse pathogen lymphocytic choriomeningitis virus (LCMV). Our results demonstrate that LCMV infection of C57BL/6 mice causes the rapid (within 2 to 3 days) and selective loss of NKT cells from the liver, spleen, and peritoneum. This observation has implications for understanding the role that NKT cells play in the events that occur early following a viral infection (7).
MATERIALS AND METHODS
Mice. Male and female C57BL/6 wild-type and IFN-␥-, IL-12-, and CD28-deficient mice were obtained from the Jackson Laboratory (Bar Harbor, Maine). The knockout mice were bred in specific-pathogen-free facilities at the Indiana University School of Medicine. Female C57BL/6 mice with mutations in the fas (lpr mice) and fas ligand (fasL) (gld mice) genes were also purchased from the Jackson Laboratory. DNA fragmentation factor 45 (DFF45)-deficient mice and their wild-type controls (B6 ϫ 129) have been described previously (69) . All mice were used at 6 to 8 weeks of age. All animal procedures were approved by the Indiana University School of Medicine Animal Care and Use Committee.
Virus and infection of mice. The Armstrong strain (nonhepatotropic) of LCMV was kindly provided by Raymond Welsh (University of Massachusetts Medical Center, Worcester). Virus stocks were prepared in BHK cells and titrated on Vero cells. Mice were infected intraperitoneally (i.p.) with 2 ϫ 10 5 PFU of LCMV.
Poly(I-C) treatment of mice. Mice were injected i.p. with 100 g of poly(I-C) (Sigma Chemical Co., St. Louis, Mo.) in phosphate-buffered saline (PBS). One or 2 days following injection, liver mononuclear cells (MNC) were harvested and stained for NKT cells and/or for the PCR amplification of the V␣14J␣281 TCR rearrangement as described below.
Liver MNC isolation. The procedure used to isolate liver MNC was a slight modification of that described previously (62) . Briefly, at the indicated time points postinfection, mice were euthanized by CO 2 asphyxiation. Livers were perfused with 10 to 15 ml of ice-cold PBS, excised, and minced. The material was then passed through a nylon mesh screen. Following two washes in ice-cold PBS, the liver cell pellet was resuspended in serum-free RPMI (BioWhittaker, Walkersville, Md.) and layered onto a 30% (vol/vol) Percoll (Sigma, St. Louis, Mo.) gradient. Following a 10-min centrifugation step (2,000 ϫ g) at room temperature, the pellet (containing the MNC) was recovered, and erythrocytes were lysed by hypotonic shock in 0.84% NH 4 Cl. The remaining cells were washed once with Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (complete medium) and then resuspended in the same medium. Aliquots were used for fluorescence-activated cell sorter (FACS) analysis or flash-frozen for PCR amplification of the canonical NKT cell TCR␣ chain V␣14J␣281 rearrangement (54) as described below.
PEC and splenocyte isolation. (i) Peritoneal exudate cell (PEC) isolation. Uninfected or infected (3 days post-LCMV infection) mice were euthanized, and then 7 ml of ice-cold Hanks buffered saline solution (HBSS) was injected i.p. The peritoneal fluid was aspirated, and fluids from five mice were pooled per treatment group. Cells were collected by centrifugation at 600 ϫ g, and cell pellets were resuspended in complete medium. Adherent cells were removed as previously described (36) . The nonadherent cells were collected, washed once in complete medium, and analyzed for NK1.1 and TCR␣␤ surface expression by FACS as described below.
(ii) Splenocyte isolation. For splenocyte isolation, spleens were harvested from uninfected and LCMV-infected mice at the indicated time points and processed into single-cell suspensions. Erythrocytes were lysed as for liver MNC, and NKT cells were analyzed by FACS as described below.
FACS analysis and cell sorting. Liver MNC, splenocytes, and PEC were stained for cytofluorography with the following monoclonal antibodies (MAbs [all purchased from Pharmingen, San Diego, Calif.]): fluorescein isothiocyanate (FITC)-or CyChrome-labeled anti-mouse panTCR␤, biotinylated or phycoerythrin (PE)-conjugated anti-NK1.1, biotinylated anti-DX5, and PE-conjugated anti-mouse CD28. The biotinylated MAbs were subsequently stained with either Red670-conjugated streptavidin (Life Technologies, Gaithersburg, Md.) or CyChrome-labeled streptavidin (Pharmingen). FITC-conjugated rabbit anti-active caspase 3 was kindly provided by H. Broxmeyer, Y.-J. Kim, and C. Mantel (Indiana University School of Medicine, Indianapolis, Ind.). Liver MNC, PEC, and spleen cells were pretreated with hybridoma supernatant from the 2.4G2 cell line (anti-mouse FcR␥ specific), kindly provided by J. Yewdell and J. Bennink (National Institutes of Health, Bethesda, Md.). Cells were stained for cytofluorography as previously described (11) . For active caspase 3-specific staining, liver MNC from uninfected, LCMV-infected (day 3 postinfection), or poly(I-C)-treated (day 1 postinjection) C57BL/6 mice were stained with CyChrome anti-TCR␤ and PE-NK1.1, fixed and permeabilized with CytoPerm/Cytofix (Pharmingen), and stained with FITC-conjugated anti-active caspase 3. Analysis was by cytofluorography as described above. For cell sorting, liver MNC from LCMVinfected (day 3) C57BL/6 mice were stained with TCR␤-and NK1.1-specific antibodies and sorted into the double-positive (TCR␣/␤ ϩ NK1.1 ϩ ) population by a FACStar Plus (Becton Dickinson) for RNA isolation for PCR amplification of the canonical NKT-cell TCR V␣14J␣281 rearrangement or LCMV glycoprotein (GP) sequences as described below. PCR analysis. RNA was extracted from liver MNC (whole or sorted TCR␣␤ ϩ NK1.1 ϩ populations) from uninfected, LCMV Armstrong-infected (day 3 postinfection), or poly(I-C)-treated (day 2 following treatment) mice by using TriReagent (Molecular Research Center, Inc., Cincinnati, Ohio). RNA was reverse transcribed into cDNA with a first-strand cDNA synthesis kit (Boehringer Mannheim, Indianapolis, Ind.). Amplification of V␣14J␣281-specific (54) and LCMV-GP-specific (21) sequences was performed as previously described. As a control, cDNA was amplified with previously described primers for actin (46) . PCR products were analyzed on a 1% agarose gel and stained with ethidium bromide.
RESULTS
Infection of mice with LCMV causes a reduction in liver NKT cells. C57BL/6 mice were infected with LCMV for various lengths of time, and liver MNC were stained for TCR␣/␤ and NK1.1. As shown in Fig. 1 (Table 1) . However, this also corresponds to the very dramatic increase in virusspecific T cells, which have been shown to also express NK cell markers (2, 55) . Thus, the apparent increase in NK1.1 ϩ T cells on day 8 post-LCMV infection and beyond may simply reflect an increase in mainstream T (and not NKT) cells.
Liver NKT cells do not traffic to the peritoneal cavity or spleen. In order to determine if the loss of liver NKT cells following LCMV infection was due to their trafficking to extrahepatic sites, PEC and spleen cells were analyzed for any changes in NKT cells following infection. As shown in Fig. 2 and as previously reported (6, 28) , PEC and spleen cells from uninfected mice contain few (approximately 1 to 2%) NKT cells. Three days following LCMV infection, there was no increase in the number of NKT cells in the peritoneal cavity or spleen. In fact, the NKT cells actually decreased, as occurred in the liver ( Fig. 1 and Table 1 ). Therefore, these data suggest that following LCMV infection, liver NKT cells do not traffic to the peritoneal cavity or spleen and most likely die in situ.
Liver V␣14J␣281 ؉ NKT cells are lost following LCMV infection. It has been shown that NKT cells from NK1.1 ϩ mice (e.g., C57BL/6) lose NK1.1 expression upon activation in culture (14) . Therefore, it was possible that the apparent loss of liver NKT cells following LCMV infection was simply due to a loss of NK1.1 expression. Although NKT cells predominantly express a V␣14J␣281 rearrangement (6) , no MAb specific for this TCR␣ chain rearrangement is available. As another approach to identify the presence of liver NKT cells, we amplified cDNA from liver MNC obtained from uninfected and LCMVinfected mice with PCR primers that will amplify only the a Liver MNC were obtained from uninfected or LCMV-infected C57BL/6 wild-type or indicated mutant mice on day 3 postinfection or as indicated. MNC were pooled from four mice per group. Data are representative of experiments performed at least two times.
b NKT cells were identified by double staining with TCR␤-and NK1.1-specific MAbs except as specified.
c Percent decrease (increase) in NKT-cell numbers post-LCMV infection or poly (I-C) treatment.
d Wild-type C57BL/6 mice were treated i.p. with 100 g of poly (I-C) 2 days before liver MNC harvest (pooled from four mice per group).
e NKT cells were identified by double staining with TCR␤-and DX5-specific MAbs.
f Wild-type and IL-12-deficient (IL-12 knockout [KO]) C57BL/6 mice were treated i.p. with 100 g of poly(I-C) 2 days before liver MNC harvest (pooled from two mice per group). canonical NKT-cell V␣14J␣281 rearrangement (54) by semiquantitative PCR analysis. As shown in Fig. 3 , a band corresponding to the canonical NKT-cell V␣14J␣281 rearrangement could be amplified from liver MNC cDNA derived from uninfected mice. In contrast, a substantial reduction in the V␣14J␣281-specific band was found in the liver MNC cDNA from mice infected 3 days previously with LCMV. As a PCR control, ␤-actin sequences were amplified at comparable levels from all samples. Therefore, these results suggest that the apparent loss of liver NKT cells following LCMV infection is indeed a loss and was not simply due to a down-regulation of NK1.1 expression.
Loss of NKT cells is CD28 independent. In order to determine if the observed loss in liver NKT cells following LCMV infection was dependent upon the classical T-cell costimulatory molecule CD28 (53), wild-type and CD28-deficient C57BL/6 mice were infected with LCMV, and 3 days later, liver MNC were isolated and analyzed by cytofluorography as described above. As shown in Fig. 4 , liver NKT cells from uninfected wild-type and CD28-deficient C57BL/6 mice comprised approximately 31 and 32% of the liver MNC, respectively. This percentage decreased to 19 and 16%, respectively, on day 3 following LCMV infection. Therefore, these results suggest that the reduction in liver NKT cells following infection with LCMV is independent of CD28-mediated costimulation.
Loss of NKT cells does not occur via the Fas-FasL pathway. It was possible that NKT cells were lost by apoptosis. One mechanism by which this might occur is by Fas-FasL interactions, because it has been shown extensively that T cells are highly susceptible to activation-induced cell death via this pathway (38) . Although LCMV-specific T cells do not die in significant numbers via the Fas-FasL pathway following an acute LCMV infection (40) , bystander (and not LCMV-specific) memory T cells are susceptible to activation-induced cell death by this pathway (68) . NKT cells possess an activated, memory phenotype (6) . Therefore, in order to determine if the loss of liver NKT cells following an LCMV infection was due to FasFasL interactions, C57BL/6 mice with defects in fas (lpr mice) or in fasL (gld mice) were infected with LCMV, and the liver NKT cells were analyzed 3 days later by FACS. As shown in the representative experiments presented in Table 1 , NKT cells in both lpr and gld mice were lost at levels comparable to those seen in wild-type mice (80 and 90% decreases from uninfected lpr and gld mice, respectively). Therefore, the loss of NKT cells following LCMV infection is independent of the Fas-FasL pathway.
Liver NKT cells are directly infected with LCMV in vivo and ultimately die by apoptosis. Because we did not see an increase in the number of NKT cells in the peritoneum or spleen (Fig.  2) , this indicated that NKT cells did not traffic to these tissues following LCMV infection. With the concomitant loss of resident NKT cells in these tissues following LCMV infection and in spite of the lack of Fas-FasL interactions as shown above, it seemed likely nonetheless that the loss of liver NKT cells following LCMV infection was due to apoptosis. It is known that a number of viruses are able to induce apoptosis in infected cells or make them more susceptible to apoptosis by outside stimulation (51, 60) . Although the strain of LCMV that we used (Armstrong) is not hepatotropic (44) , it can grow in T lymphocytes (1, 35) . In order to determine if liver NKT cells from LCMV-infected mice were themselves infected, liver MNC were isolated from uninfected and LCMV Armstronginfected (day 3) mice. It should be pointed out again here that the Armstrong strain of LCMV does not grow in hepatocytes and that the liver was perfused before isolation. Thus, peripheral blood contamination (possibly bringing with it LCMV) would not be an issue, and as a result, only the resident liver MNC cells were harvested. Liver MNC from LCMV-infected mice were extensively washed following harvest and either left unsorted or sorted into TCR␣␤ ϩ NK1.1 ϩ double-positive cells. The cells were then assessed for expression of LCMV-GP FIG. 3 . PCR amplification of the NKT-cell canonical TCR V␣14J␣281 rearrangement from liver MNC in uninfected and LCMVinfected mice. Liver MNC were isolated from uninfected or day 3 post-LCMV-infected C57BL/6 mice and pooled (four mice per group). RNA was isolated from liver MNC and reverse transcribed into cDNA. The cDNA generated was amplified by PCR with primer pairs specific for the canonical NKT-cell TCR V␣14J␣281 rearrangement or actin as a control. PCR products were analyzed on a 1% agarose gel stained with ethidium bromide. The experiment shown is representative of three performed.
FIG. 4. FACS analysis of liver NKT cells from wild-type and CD28
deficient mice following LCMV infection. Liver MNC were isolated from uninfected or LCMV-infected (day 3 postinfection) wild-type or CD28-deficient C57BL/6 mice, stained with TCR␤-and NK1.1-specific MAbs, and analyzed by cytofluorography as in Fig. 1 . Liver MNC from four mice were pooled per group. The experiment shown is representative of two performed.
by PCR analysis of amplified cDNA generated from these cells by using LCMV-specific primers as described previously (21) . As shown in Fig. 5 , LCMV-GP could be amplified from unsorted liver MNC from LCMV-infected mice. Interestingly, LCMV-GP could also be amplified in sorted (TCR␣␤ ϩ NK1.1 ϩ ) NKT cells from LCMV-infected mice. As expected, LCMV-GP-specific sequences could not be amplified from liver MNC isolated from uninfected mice. In all cases, for a PCR control, ␤-actin sequences were amplified at comparable levels from uninfected and LCMV-infected mice. Therefore, these results indicate that liver NKT cells from LCMV-infected mice are directly infected in vivo.
In order to determine if the liver MNC cells were dying by apoptosis, two approaches were taken. In the first, we infected mice deficient in DFF45, an integral component of a complex causing DNA fragmentation during apoptosis (69) , with LCMV Armstrong. T cells from these mice are more resistant to apoptosis than wild-type T cells (70) . Thus, as a control, we used their wild-type counterparts. Because the background strain of the DFF45-deficient mice is of a mixed (B6 ϫ 129) background, we could not use the NK1.1 marker reliably (129 strain mice are NK1.1 Ϫ ). Therefore, we used the pan-NK cell marker (also present on NKT cells), DX5 (17, 28) . The DX5 marker overlaps the TCR␣␤ ϩ NK1.1 ϩ population in NK1.1 ϩ strains of mice, although it is not perfect (17, 28) . As shown in Table 1 , infection of wild-type (B6 ϫ 129) mice 3 days previously with LCMV Armstrong resulted in a 21% reduction in the absolute numbers of NKT cells. In contrast, liver NKT cells from DFF45-deficient mice actually increased following infection. Therefore, these results suggest that the death of liver NKT cells in LCMV-infected wild-type mice required a functional DFF45. The results presented above also suggest that the direct infection of liver NKT cells may have contributed to their death in situ. As a second approach to determine whether the liver NKT cells were dying by apoptosis, liver MNC isolated from uninfected and LCMV-infected (day 3 postinfection) C57BL/6 mice were stained for TCR␣␤ and NK1.1. Additionally, these cells were stained intracellularly with an antibody specific for active caspase 3. The caspase 3 proenzyme becomes cleaved into its active form during apoptosis and is thus a good marker for programmed cell death (38) . As shown in Fig. 6 , a significant increase in active caspase 3-specific staining was observed in liver NKT cells obtained from LCMV-infected mice as compared to those from uninfected mice. Therefore, taken together, the above results suggest that LCMV infects liver NKT cells and that this directly (or indirectly) results in their rapid death by apoptosis.
Loss of NKT cells is IFN-␥ independent but occurs following poly(I-C) treatment.
It has recently been shown that the loss of liver NKT cells in HBV transgenic mice injected with the synthetic glycolipid ␣-GalCer, occurs by the induction of IFN-␥ or IFN-␣/␤ (31). In order to determine if the reduction in NKT cells observed following LCMV infection was due to IFN-␥ induction, IFN-␥-deficient mice of the C57BL/6 background were infected with LCMV for 3 days, and the liver NKT cells were analyzed by FACS and compared to those of uninfected mice as described above. As shown in Table 1 , NKT cells in IFN-␥-deficient mice were substantially reduced (61.8% reduction in the representative experiment shown) 3 days following LCMV infection, as was observed in wild-type C57BL/6 mice. Therefore, these results suggest that the LCMV-induced loss of liver NKT cells is independent of IFN-␥ production.
Poly(I-C) is a classical inducer of IFN-␣/␤, an important component of the immune response following LCMV infection (reviewed in reference 7). In order to determine if IFN-␣/␤ can affect the number of NKT cells, wild-type C57BL/6 mice were treated with poly(I-C), and liver MNC were analyzed for NKT cells (as compared to untreated control mice) by FACS. As shown in Table 1 , poly(I-C) treatment of C57BL/6 wild-type mice caused a substantial (68.3%) loss in liver NKT cells 2 days postinjection with regard to percent loss and overall decline in FIG. 5 . PCR amplification of LCMV-GP in liver NKT cells. Liver MNC were isolated from uninfected or day 3 post-LCMV-infected C57BL/6 mice and pooled (four mice per group). The MNC were either unsorted or sorted into an NKT-cell population by TCR␤-and NK1.1-specific MAbs by electronic cell sorting. RNA was extracted from liver MNC (whole or sorted TCR␣␤ ϩ NK1.1 ϩ populations) from uninfected or LCMV Armstrong-infected (day 3 postinfection) wildtype C57BL/6 mice (four mice per group), reverse transcribed into cDNA, and amplified by PCR with primer pairs for LCMV-GP or actin as a control. PCR products were analyzed as in Fig. 3 . The data shown are representative of two independent experiments. NKT-cell numbers. Figure 7 shows that there was a substantial reduction in classical NKT cells 2 days following the poly(I-C) injection as detected by PCR amplification of V␣14J␣281-specific sequences. As shown in Fig. 8 , the loss of liver NKT cells following poly(I-C) injection was concomitant with an increase in active caspase 3 expression, as was seen in LCMVinfected mice, suggesting that the mechanism of NKT cell loss caused by either of these two agents is the same. Therefore, these results are consistent with the idea that IFN-␣/␤ induction by LCMV infection causes the NKT-cell loss observed following infection.
Poly(I-C)-induced loss of liver NKT cells is IL-12-independent. Although poly(I-C) is a classical IFN-␣/␤ inducer, it can also stimulate IL-12 production (41, 61), and IL-12 treatment of mice has been shown to result in the rapid and selective loss of NKT cells by apoptosis (18). Thus, it was possible that the loss of liver NKT cells following poly(I-C) injection was due solely to IL-12 (rather than IFN-␣/␤) induction in vivo. In order to rule out this possibility, wild-type and IL-12-deficient C57BL/6 mice were injected with 100 g of poly(I-C), and 2 days later, liver MNC were harvested and stained with antibodies specific for NK1.1 and TCR␤. As observed in our other experiments, the FACS analyses showed that poly(I-C) treatment caused a substantial decrease in the number of liver NKT cells in C57BL/6 wild-type mice [untreated, 1. NKT cells; 68% decrease). It should also be noted that, although LCMV does not induce IL-12 production in vivo (47), we also infected IL-12-deficient C57BL/6 mice with LCMV and saw a loss in NKT cells similar to that found in wild-type mice (data not shown). Therefore, these results suggest that the loss of liver NKT cells by the classical IFN-␣/␤ inducer poly(I-C) (or LCMV) is not due to IL-12 production.
DISCUSSION
We have presented evidence in this report demonstrating that an acute infection with LCMV results in a selective loss of NKT cells and suggests that this occurs via apoptosis in a Fasor FasL-independent manner, does not require IFN-␥ production, but may be dependent upon IFN-␣/␤ induction. Furthermore, this reduction does not require classical costimulatory molecules, because the loss of NKT cells was also observed in LCMV-infected CD28-deficient mice. The last observation is perhaps not too surprising, because some human CD1b-restricted T cells have been shown to recognize their targets in a CD28-and B7-1-independent fashion (3). The loss of NKT cells was not simply due to a down-regulation of NK1.1 that occurs following sustained culture in vitro (14) , but was an actual loss (Fig. 3) . Furthermore, the reduction in NKT cells following LCMV infection also occurred in the peritoneum and spleen (Fig. 2) . Therefore, rather than NKT cells trafficking to extrahepatic sites, it is likely that the NKT cells simply die by apoptosis. This is supported by the result with LCMVinfected DFF45-deficient mice, in which the loss of liver NKT cells was not observed (Table 1 ) and an increase in active caspase 3-specific staining in liver NKT cells from LCMVinfected mice was noted (Fig. 6 ).
Viral clearance mechanisms in which NKT cells might play a role can be cytotoxic to hepatocytes, such as with adenovirus (66) or noncytopathic, as has been observed in HBV transgenic mice or in mice infected with hepatotropic strains of LCMV (25) (26) (27) . Thus, viral clearance has multiple mechanisms by which it can occur and is different depending upon the virus. We have found that even in an NKT-cell-deficient (i.e., CD1d1 knockout mice) environment, the in vivo control of LCMV is comparable to that in wild-type mice (57) . Thus, in that model, either the lack of NKT cells is beneficial, by preventing an NKT-cell-mediated cytotoxic response affecting hepatocytes and other tissues, or, alternatively, NKT cells simply play no role in the control of that virus infection. We prefer the former possibility. In support of that, there is a high percentage of NKT cells in the normal liver (6) , and it has been previously suggested that hepatic NKT cells are responsible for liver dam-
FIG. 7. Reduction in canonical V␣14J␣281
ϩ liver NKT cells following poly(I-C) injection. Liver MNC were harvested from untreated and poly(I-C)-treated mice (day 2 postinjection). RNA was extracted and reverse transcribed into cDNA. The cDNA was amplified by primers specific for the TCR V␣14J␣281 rearrangement or actin as a control. PCR products were analyzed as in Fig. 3 . The data shown are representative of two independent experiments. age following infection with pathogens such as Salmonella (30) . Mice that are deficient in NKT cells, such as ␤ 2 -microglobulinor J␣281-knockout mice, did not develop the Salmonella-induced liver damage that was observed in wild-type mice (30) . Furthermore, in an experimental model of autoimmune hepatitis induced by the polyclonal T-cell mitogen concanavalin A, NKT cells were responsible for the hepatocyte damage (32) . Interestingly, a recent report by Chisari and colleagues (31) found that the activation of NKT cells in HBV transgenic mice in vivo by ␣-GalCer (a glycolipid that is presented by CD1d1 to NKT cells) (8, 9, 12, 33) caused the rapid loss of NKT cells, recruited NK cells, and inhibited HBV replication in the mice in an IFN-␣/␤-and IFN-␥-dependent manner (31) . Others have also seen such a reduction in liver NKT cells following treatment of mice with ␣-GalCer (19, 43, 48) or anti-CD3 (18) and have reported a role for NKT-cell-produced IFN-␥ in the induction of NK cell activity (13, 19) . In the case of LCMV, we have found that the virus-induced NK cell activity is actually normal in an NKT-cell-deficient environment (i.e., CD1d1-deficient mice) (57) , and LCMV infection also resulted in the loss of NKT cells in IFN-␥-deficient mice (Table 1 ). This suggests that the importance of NKT cells in various infections will be dependent not only on the pathogens, but also the cytokines that they induce. Although infection with LCMV does induce IFN-␥ production, it occurs later, ϳ2 weeks postinfection (58) : by that time, the NKT cells have already recovered from their loss ( Fig. 1 and Table 1 ). LCMV is also a classic inducer of ␣/␤ IFNs (7, 45) , and IFN-␣/␤ was found to contribute to the loss of NKT cells in ␣-GalCer-treated HBV-transgenic mice (31).
In the current study, we found that injection of mice with poly(I-C), a well-known and commonly used inducer of IFN-␣/␤, also caused a substantial loss of NKT cells ( Table 1) , suggesting that IFN-␣/␤ induction following LCMV infection may have been responsible for the NKT cell loss, at least indirectly. However, poly(I-C) can also induce the production of IL-12 (41, 61) and IL-15 (71), both of which can have effects on NKT cells. With regard to IL-15, mice deficient in IL-15 or the IL-15 receptor ␣ chain have a substantial reduction in both NK and NKT cells (34, 39) , and IL-15 can induce the generation of pre-NKT cells into mature NKT cells (52) , making it unlikely that an increase in IL-15 would cause a selective loss of NKT cells. IL-12 has been reported to cause a rapid reduction in NKT cells (18) . Because poly(I-C) also induces IL-12 production (41, 61), it was important to rule out this cytokine in the NKT-cell loss observed in the present study. Thus, IL-12-deficient mice were treated with poly(I-C)-or infected with LCMV-which does not induce IL-12 production (47)-and the status of liver NKT cells was compared to C57BL/6 wild-type cells treated similarly. Treatment with poly(I-C) (or infection with LCMV) resulted in the loss of liver NKT cells from IL-12-deficient mice at levels comparable to those in wild-type mice (Table 1 ) (data not shown). Therefore, the results from those experiments are consistent with the notion that ␣/␤ IFNs play a role in the observed reduction in NKT cells following an LCMV infection or poly(I-C) treatment. The putative role for IFN-␣/␤ in the loss of NKT cells was actually somewhat surprising in light of the evidence suggesting that ␣/␤ IFNs can protect activated T cells from apoptosis (42) and NKT cells possess an activated memory phenotype (6) . Interestingly, we also found that liver NKT cells from LCMVinfected mice were themselves infected (Fig. 5) , and there are data suggesting that IFN-␣/␤ promotes apoptosis of virus-infected cells (60) . Furthermore, many viruses can induce apoptosis in the cells that they infect (51) . Thus, the most plausible mechanism by which NKT cells are lost following an LCMV infection is via the induction of ␣/␤ IFNs, and this contributes to NKT-cell death by apoptosis. Exactly why NKT cells appear to be particularly susceptible to apoptotic death following LCMV infection and whether the effects of IFN-␣/␤ are direct or indirect are currently unknown and obviously represent an important area of investigation. Along with the fact that there is a large proportion of NKT cells in the liver, the NKT-cell population appears to be quite dynamic in response to pathogens and other disease processes. In this report, we have shown that NKT cells are selectively lost following an acute virus infection. As with infection by other pathogens (20, (30) (31) (32) , it is possible that the LCMV-induced loss of NKT cells is advantageous to the host. In fact, this hypothesis is supported by a recent review by Welsh and McNally (63) , in which it is argued that the elimination of both virus-specific and non-virus-specific T cells may actually help shape the antiviral T-cell response. Experiments aimed at answering questions that address this hypothesis are currently under way.
